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Abstract 
The High Pressure (HP) treatment induces significant changes on the milk macromolecules (proteins, whey proteins 
and caseins), as well as on its functional properties, which allow its application in innovative dairy productions. The 
aim of this work was to setup the process condition and product formulation to produce a milk cream under pressure 
and evaluate and model its rheological behaviour. Some preliminary experiments (pressure level = 400-500 MPa, 
time = 5-10 min, temperature = 25 °C) were carried out to optimize the processing parameters inducing milk 
coagulation. Moreover, different milk concentrations (50%, 60%, 70%) were tested to identify the concentration 
values able to achieve the optimal creaminess of the high pressure milk cream. The latter information was obtained 
analyzing the results of rheological static and dynamic tests. According to several literature studies, preliminary 
results indicate that the milk coagulation occurs at a pressure level of 500 MPa and ambient temperature after 10 
minutes of treatments. The dynamic rheological analysis demonstrate that the compactness of HP milk cream 
increases with increasing the milk concentration of the product, while the values of the G 'and G'' modules of the 
unprocessed concentrated milk are similar to those of the fresh milk. Therefore, as milk concentration doesn’t affect 
the rheological behaviour of the cream, the higher compactness observed can be attributed to milk coagulation under 
pressure. The stationary rheological tests, indeed, indicate that the HP milk cream behaves as a non-Newtonian 
pseudo-plastic fluid,  whose stress-strain relationship can be described by a power law model equation. This 
rheological behaviour is due to the milk macromolecules, which conglomerate under pressure, tend to align and 
provide greater resistance to flow. 
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1. Introduction 
The research activities on the effect of the High Pressure (HP) treatment on milk and milk constituents 
traced back to Hite’s experiments in 1899. Starting from these observations, several studies were carried 
out to verify the applicability of the high pressure technology for milk stabilization and to define the 
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pressure-induced modifications of the main milk constituents (caseins, whey proteins, fat globules, 
enzymes). As a result of the high pressure treatments, the rennet coagulation time (RCT), rate of gel 
formation, gel firmness, water-holding capacity of the gel and network structure are all affected. 
Depending on the applied processing conditions the high pressure may cause an irreversible denaturation 
of the whey proteins [1-3]. However, there are significant differences compared with denaturation 
induced by heat [4]. Under heating conditions, the two major whey proteins in skim milk, ȕ-lactoglobulin 
(ȕ-LG) and Į-lactalbumin (Į-LA), are irreversibly denatured and aggregated when the temperature is 
increased above about 70 °C, and these reactions occur under conditions where hydrophobic interactions 
are enhanced, calcium and phosphate solubility is diminished, and relatively small changes to casein 
micelles sizes occur [1,4]. Under high pressure conditions, ȕ-LG has markedly lower barostability than Į-
LA [1-4]. During high pressure treatment, the whey proteins are denatured under conditions where 
hydrophobic interactions are unfavourable, the solubility of calcium and phosphate is increased, and the 
casein micelle structure is substantially disrupted. In particular, the treatments at pressure levels above 
100 MPa at ambient temperature lead to a gradual denaturation of ȕ-LG, while the Į-LA and BSA are 
stable up to pressure levels of 400 MPa [1, 4, 5]. Therefore, the specific interactions between the 
denatured whey proteins and the other proteins in milk may be quite different for pressure-treated and 
heat-treated milk, and this may lead to differences in the functional properties of the processed milk. 
Moreover, the HP process induces changes in the casein micelles, by affecting their size and number per 
unit volume as well as the level of micellar casein per unit volume. Average casein micelle size is slightly 
influenced by the treatment at pressure level ranging between 100 and 200 MPa at ambient temperature 
[1, 3, 6, 7]. Treatments at higher pressure level (250 MPa) and processing time longer than 15 min induce 
the increase of micelle size [3, 7-10]. This effect is particularly enhanced after a longer treatment time [3], 
at a higher treatment temperature and/or higher milk pH, as well as when the original untreated micelles 
are larger [3, 7, 8]. The increase of micelle size at 250 MPa is probably due to the formation of large 
aggregates from HP-disrupted casein micelles [1, 3, 6-8, 11]. If pressure level higher than 300 MPa are 
applied, the reduction of the micelle size is again observed, due to the HP induced disruption of micelles 
aggregates[1, 3, 8-10]. The denaturation of milk macromolecules depends on the pressure level applied, 
treatment time and temperature level. As a result of the protein denaturation and micelles solubilisation, 
the proteins conglomerate with milk fat globules, influencing the viscosity, viscoelasticity and creaminess 
and, in particular cases, causing the gelatinization of the HP treated milk. Thus a significant variation of 
the milk functional properties should be expected, this allowing the application of HP milk in innovative 
dairy productions.  
The aim of this work was to setup the process cycles to produce a milk cream under pressure. Pressure 
level and operating time were changed during the preliminary experiments and the minimum processing 
conditions able to induce milk coagulation at ambient temperature were defined. A preliminary 
concentration of the milk to be processed under pressure was carried out with the aim to enhance the 
creaminess of the high pressure milk cream. Finally the experimental data attained were analyzed in order 
to characterize the rheological behaviour of the HP milk cream. 
 
2. Material and Methods 
2.1. Sample preparations 
Pasteurized and homogenized whole milk, kept on the local market, was concentrated by means of a 
rotary evaporator (Büchi Rotavapor R-200) under vacuum and at a temperature level of 45°C. Three 
levels of concentration (50%, 60% and 70%) were tested in the experiments. The samples were stored 
under refrigerated conditions before the high pressure treatments. 
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2.2. Experimental apparatus and protocols 
The experiments were carried out in a High Pressure (HP) pilot plant MINI FOODLAB FPG5620, 
made by Stansted Fluid Power Ltd (UK). The pilot system FPG5620 is designed for the high pressure 
treatments of biological material (foodstuffs, microbial suspension, standard solutions of enzymes, 
proteins, starches) at temperatures ranging from -20°C to 90°C. Some preliminary experiments were 
carried out on the concentrated samples in order to define the minimum processing pressure, temperature 
and time able to induce milk coagulation. In these experiments a fixed milk concentration level (50%) 
was considered and experimental conditions (pressure level = 400-500 MPa, time = 5-10 min, 
temperature = 25°C) were selected according to the protocols reported by Harte et al. (2003) [12]. 
Samples of concentrated milk (50%, 60%, 70%) were, therefore, processed under the optimized 
processing conditions and the rheological behaviour analyzed.  For each HP experiment the samples were 
sealed in flexible pouches made from a multilayer polymer/aluminium/polymer film (Polyethylene-
Aluminium-Polypropylene) and processed under the chosen experimental conditions. At the end of the 
treatment, the pouches were stored at 4°C until the rheological characterization. 
2.3. Rheological characterization 
An AR2000 rheometer , from TA Instruments, equipped with a concentric cylinder bob (radius 14 
mm) and a cup (radius 15 mm) measuring system, was used in all experiments. Samples were gently 
poured into the cup and an equilibrium time of 15 min at 5°C was set before the measurements. All 
measurements were made at 5°C by means of a coolant flow at a temperature level of 2 °C. Static and 
dynamic measurements were carried out on fresh milk, pre-concentrated milk and HP treated milk 
samples, according to the experimental protocols reported by Knudsen et al. (2006) [13]. 
Shear flow experiments (static measurements) contained 50 steady-shear rates (0.0001 1/s İ İ 
1500 1/s), which were held for 2 min, with recording of the apparent viscosity ¨(̡¤) and shear stress 
³ during the last 10 s. Stress sweep experiments (dynamic measurements) were made at a constant shear 
frequency of 1 Hz. The stress amplitude varied in 40 steps where the stress was controlled and stepwise 
increased from 0.01 to 12 Pa. The stress was applied for 1 min at each step and the strain amplitude was 
recorded and elastic (G’) and viscous (G”) modulus were calculated. 
3. Results and Discussion 
 The experimental campaign was aimed to choose the optimal formulation and process conditions, in 
terms of pressure-temperature-time levels, necessary to obtain a product with the creaminess and the 
texture of a dairy cream or dessert. A preliminary determination of the minimum processing conditions to 
observe the pressure induced gelatinization of the milk was carried out. According to the observations 
reported by Famelart et al. (1998) [14] and applied by Harte et al. (2003) [12] in the yogurt production, 
the milk gelatinization occurs under pressure level of 300-600 MPa, treatment time of 5 min and milk 
pre-concentration (25%). However the processing conditions should be minimized to preserve the milk 
color and taste and to avoid secondary effects of the high pressure processing (syneresis, fat and vitamin 
degradation, etc).  
 The experiments were carried out on milk pre-concentrated samples (50%) and the oscillatory 
rheological tests performed on the fresh, concentrated and HP treated samples in order to detect milk 
gelatinization. For instance, Figure 1 compares the values of the elastic and viscous modulus, G’ and G” 
respectively, measured for fresh, concentrated and high pressure treated (50% HP; Pressure: 500 MPa, 
temperature: 25°C, processing time: 10 min) milk samples in stress sweep tests. The achieved 
experimental results demonstrate that the milk coagulation occurs applying a minimum pressure level of 
500 MPa and operating time of 10 min. Lower pressure level or shorter processing times are, indeed, 
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ineffective while higher pressure levels compromise the quality and the physical stability of the processed 
milk (data not shown).  
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 Following the selection of the minimum process conditions, the milk concentration level was changed 
to improve the rheological properties of the pressure-induced creams. Three milk formulations, 
corresponding to different pre-concentration levels (50%, 60%, 70%), were treated under the optimized 
conditions with the aim to determine the minimum pre-concentration necessary to achieve a creaminess 
comparable to that of commercial creamy yogurt. In particular, Figure 2 reports the elastic G’ and viscous 
G” modulus measured for the pre-concentrated milk samples processed at 500 MPa and ambient 
temperature for 10 min and for three commercial yogurts with a different fat content (0.1%, 3.7%, 4.1%). 
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 According to the results shown in Fig. 2, the values of the measured G’ and G” modulus increase with 
milk pre-concentration. This parameter, therefore, could be useful to control the consistency and, as a 
consequence, to modify the texture of the attained pressure-induced cream. The fresh milk and pre-
concentrated milk show a prevalent viscous behaviour, being the values of the elastic modulus almost 
zero (data not shown). The milk pre-concentration enhances the viscous modulus without modifying the 
rheological behaviour of the samples.  
 The high pressure treatment, indeed, clearly affects the texture of the processed samples, which show 
an evident viscoelastic behaviour. The measured values of the elastic and viscous modulus, in fact, most 
Fig. 1 Elastic (G') and viscous (G") modulus measured for fresh, concentrated (50%) and high pressure treated (50% HP) milk 
samples in stress sweep tests (Pressure:500 MPa, temperature: 25°C, processing time: 10 min)
Fig. 2 Elastic (G') and viscous (G") modulus measured for pre-concentrated (50%, 60%, 70%), high pressure treated (HP) milk 
samples and commercial yogurts with different fat content (0.1 %, 3.7 %, 4.1 %) in stress sweep tests (Pressure:500 MPa, 
temperature: 25°C, processing time: 10 min)
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likely reflect the increase of the number and density of bonds between casein strands. At low strain 
values, the HP samples exhibit a characteristic oscillatory shear regime where the G’ values exceed the 
G” ones. As reported in the literature, this behaviour is indicating the casein coagulation, giving to the 
final product the consistency of a dairy cream. In particular, Famelart et al.(1998) [14] dealing with the 
denaturation, aggregation or gel formation induced by high pressure treatments, attribute this effect to the 
pressure-induced damage of the primary, secondary, tertiary and quaternary of the milk proteins.  
 According to the experimental results, both the G’ and G” parameters decrease with the applied shear 
strain. If the shear strain overcomes a critical value, typical of each pre-concentration value, the elastic 
modulus becomes lower than the viscous one. This transition demonstrates the change from a behaviour 
of a viscoelastic gel to a solution-like behaviour of the samples and the possible rupture of the caseins 
aggregates. The stabilization by weak interactions, such as hydrophobic interactions, may render the 
pressure-induced casein micelle aggregates highly unstable and explain the particle dissociation observed 
in the analyzed samples during the rheological characterizations. Moreover, the interactions between 
denatured E-LG and casein micelles via thiol/disulphide interchange reactions, already suggested as the 
possible mechanism underlying the size increase of the casein micelles [3,4], could explain the higher 
values of G’ and G” parameters of the pressure treated samples at the higher pre-concentration level. 
 In order to assess the creaminess of the pressure-induced dairy cream, Figure 2 reports the results of 
the rheological analysis of three commercial yogurts with different fat content (light: 0.1%; full-fat: 3.7%; 
creamy: 4.1%). In terms of product perception, the creaminess is a complex sensory attribute that is often 
considered an indicator of high quality and is critical for consumer acceptance. In particular, the 
creaminess of dairy products can be evaluated through a rheological characterization as well as a texture 
analysis, whose results are generally compared with the sensory evaluation of expert panellists or the 
results of consumers’ tests. In this study the elastic and the viscous modulus were used to estimate the 
creaminess of the pressure-induced cream and the yogurt samples. In the case of yogurt samples, a higher 
creaminess perception is associated with a higher fat content. Experimental data demonstrate, however, 
that G’ and G” values increase with the fat content, being therefore a tool to measure the creaminess of 
the yogurts. Despite the contribute of the fat content, the texture and the viscosity may influence the taste 
perception of the tested products. In fact, the trends observed for the 50%-HP and 60%-HP dairy cream 
overlap with the ones of the light and full-fat yogurt respectively. Higher milk pre-concentrations, as 
observed for the 70%-HP dairy cream, correspond to higher values of the G’ and G” parameters, by far 
exceeding the values measured for the other analyzed samples, as well as a higher compactness of the 
dairy cream. Therefore the HP samples may ensure a creaminess and a texture perception similar to that 
of the commercial dairy products. 
 Finally, the rheological behaviour was characterized by means of the shear flow measurements. Figure 
3 reports the trends of the apparent viscosity as a function of the shear rate measured for the fresh and the 
pre-concentrated milk samples, on the left side, and for the pre-concentrated HP treated samples, on the 
right side. According to the experimental results the fresh milk shows a typical Newtonian behaviour, 
being the apparent viscosity roughly constant in the range between 1-400 Hz. At higher values of the 
shear rate, the apparent viscosity of the fresh milk start to increase, this demonstrating a modification of 
the rheological properties of the sample during the test. The rheological behaviour of the pre-concentrated 
samples depends on the residual content of free water (i.e. the water activity level). Even if the Newtonian 
model may hold for the 50% and 60 % pre-concentrated samples, the more concentrated sample shows a 
typical shear thinning behaviour, as the apparent viscosity decreases with increasing the shear rate. The 
HP treated samples can be similarly classified as shear-thinning fluids. In this case, the apparent viscosity 
trend shows a Newtonian region of flow at low shear rate followed by a Power-law region (linear 
decrease of the apparent viscosity as a function of the shear rate). 
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 The lower values of the apparent viscosity, measured for the 50% HP treated samples and comparable 
to the minimum values detectable by the rheometer, make the trend less stable and clear. It was observed 
that the higher the pre-concentration level of the HP treated samples, the higher the measured values of 
the constant apparent viscosity in Newtonian region, in agreement with the increasing of consistency of 
the pressure treated samples. According to the results reported in the literature, it could be supposed that 
the flow properties of the samples are probably enhanced by whey protein aggregates interacting with the 
particle network of casein micelles [13, 14]. 
 Moreover in the power-law region, the observed trend, typical of a pseudoplastic fluid, suggests that 
the macromolecules, for instance proteins and caseins, undergoing to an increased strain, tend to 
disentangle and align in the direction of their length, thereby reducing the internal resistance of the 
samples and resulting in a decreasing viscosity. As already observed for the oscillatory tests, this result 
demonstrates that the pressure-induced dairy cream is stabilized by weak interactions, which can be 
destroyed under stress conditions. However, the experimental results, shown in Figure 3, confirm the 
viscoelastic behaviour of the HP treated milk samples, as already observed for several dairy products 
obtained by HP treated milk [6, 8, 10] or dairy products stabilized under high pressures [13, 14].  
4. Conclusions 
 The experiments demonstrate that the high pressure treatments could be successfully applied for the 
production of innovative dairy products, due to the milk protein gelatinization under controlled 
conditions. The coagulation occurs at a minimum pressure level of 500 MPa and a processing time of 10 
min at ambient temperature, as demonstrated by the preliminary oscillatory tests. The milk pre-treatments 
allow the rheological properties of the pressure-induced cream to be modified and improved. The 
consistency of HP milk cream increases with increasing the milk concentration of the product, which 
mainly controls the rheological properties at a parity of pressure cycles applied. Therefore the milk pre-
treatment is useful to control the consistency and, as a consequence, to modify the texture of the attained 
pressure-induced cream. The fresh milk and pre-concentrated milk show a prevalent viscous behaviour, 
while the increasing of the pre-concentration level increases the values of the viscous modulus without 
modifying the rheological behaviour of the samples. The high pressure treatment, indeed, clearly affects 
the texture of the processed samples, which show an evident viscoelastic behaviour. Therefore, as milk 
concentration doesn’t affect the rheological behaviour of the cream, the higher compactness observed can 
be attributed to milk coagulation under pressure. The stationary rheological tests, indeed, indicate that the 
HP milk cream behaves as a non-Newtonian pseudo-plastic fluid, whose stress-strain relationship can be 
described by a power law model equation. This rheological behaviour is due to the milk macromolecules, 
which conglomerate under pressure and tend to align and provide greater resistance to flow.
Fig. 3  Apparent viscosity pattern measured for fresh, pre-concentrated (50%, 60%, 70%) and pre-concentrated high pressure treated
(50% HP; 60% HP; 70% HP) milk samples in shear flow tests (Pressure: 500 MPa, temperature: 25°C, processing time: 10 min)
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